The modern development in design of airships and aerostats has led to unconventional configurations quite different from the classical ellipsoidal and spherical ones. This new class of air-vehicles presents a mass-to-volume ratio that can be considered very similar to the density of the fluid displaced by the vehicle itself, and as a consequence, modeling and simulation should consider the added masses in the equations of motion. The concept of added masses deals with the inertia added to a system, since an accelerating or decelerating body moving into a fluid displaces a volume of the neighboring fluid. The aim of this paper is to provide designers with the added masses matrix for more than twenty Lighter Than Air vehicles with unconventional shapes. Starting from a CAD model of a given shape, by applying a panel-like method, its external surface is properly meshed, using triangular elements. The methodology has been validated by comparing results obtained with data available in literature for a known benchmark shape, and the inaccuracies of predictions agree with the typical precision required in conceptual design. For each configuration, a CAD model and a related added masses matrix are provided, with the purpose of assisting the practitioner in the design and flight simulation of modern airships and scientific balloons. 
length of the airship u, v, w : body linear velocity along the x, y, and z axis, respectively p, q, r : body angular velocity around the center of buoyancy, about the x, y, and z axis, respectively S body :
external surface of the body wetted by fluid This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/bync/3.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
G : Green's function
h : radius of the sphere with surface Σ considered in Green's Theorem L : length of the airship u, v, w : body linear velocity along the x, y, and z axis, respectively p, q, r � body angular velocity around the center of buoyancy, about the x, y, and z axis, potential on the upper side of a trailing edge of a streamlined body
Introduction
In recent years, there has been a renewed interest in airships and aerostats, due to the advancement of new technologies and materials, and the increasing need for environmentally friendly and sustainable ways of transport. The availability of thin photovoltaic arrays capable of converting the energy provided by solar radiation into electricity, and the development of new thin fabrics with very good strength-to-weight ratio and low permeability to gases have enabled successful feasibility studies of high altitude solar airships. In solar powered airships, the power available to the propulsion plant depends on the efficiency of the solar film, and on the shape of the airship. The amount of surface covered by solar film, and its orientation with respect to the incident solar rays, play a fundamental role in solar energy capture. On the other hand, the geometry of the airship strongly affects the volume-tosurface ratio and the aerodynamic drag; the first is important, since the buoyancy is mainly affected by the volume (and the airship weight is proportional to the envelope surface); while the drag is strongly linked to the power needed to guarantee a defined speed. The classical ellipsoidal shape, universally described as the best solution from the early era of airships, up to the end of the past millennium [1] , guarantees a very good volume-to-weight ratio and a low drag; however, this configuration has very low surface available for solar panels, which limits its applicability to energetically sustainable airships.
Due to this limit, while dealing with solar configurations, a plethora of innovative configurations has recently been proposed, which configurations are in many respects unconventional. Several of these have been evaluated [2] , in order to obtain large top surfaces, low drag, and good volume-to-weight ratio. A new method for airship design and weight evaluation was proposed by Ref. [3] , while Ref. [4] provided a state-of-the-art review for the design and analysis of this new class of airships. The current literature does not adequate address the importance of the added masses, and these studies indicated that the classical formulae used for added masses computation introduced for ellipsoidal shapes are not valid for the unconventional airship configurations. The problem of added masses for a new configuration was introduced by Ref. [5] , albeit for a specific shape of hybrid airship; while Ref. [2] : potential on the wake surface leaving the trailing edge of a streamlined body
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In recent years, there has been a renewed interest in airships and aerostats, due to the advancement of new technologies and materials, and the increasing need for environmentally friendly and sustainable ways of transport. The availability of thin photovoltaic arrays capable of converting the energy provided by solar radiation into electricity, and the development of new thin fabrics with very good strength-to-weight ratio and low permeability to gases have enabled successful feasibility studies of high altitude solar airships. In solar powered airships, the power available to the propulsion plant depends on the efficiency of the solar film, and on the shape of the airship. The amount of surface covered by solar film, and its orientation with respect to the incident solar rays, play a fundamental role in solar energy capture. On the other hand, the geometry of the airship strongly affects the volume-to-surface ratio and the aerodynamic drag; the first is important, since the buoyancy is mainly affected by the volume (and the airship weight is proportional to the envelope surface); while the drag is strongly linked to the power needed to guarantee a defined speed. The classical ellipsoidal shape, universally described as the best solution from the early era of airships, up to the end of the past millennium [1] , guarantees a very good volume-toweight ratio and a low drag; however, this configuration has very low surface available for solar panels, which limits its applicability to energetically sustainable airships. Due to this limit, while dealing with solar configurations, a plethora of innovative configurations has recently been proposed, which configurations are in many respects unconventional. Several of these have been evaluated [2] , in order to obtain large top surfaces, low drag, and good volume-to-weight ratio. A new method for airship design and weight evaluation was proposed by Ref. [3] , while Ref. [4] provided a state-of-the-art review for the design and analysis of this new class of airships. The current literature does not adequate address the importance of the added masses, and these studies indicated that the classical formulae used for added masses computation introduced for ellipsoidal shapes are not valid for the unconventional airship configurations. The problem of added masses for a new configuration was introduced by Ref. [5] , albeit for a specific shape of hybrid airship; while Ref. [2] suggested the computation of an equivalent ellipsoid shape, which approximates the actual unconventional shape.
To supplement the state-of-the-art understanding in this important but often overlooked aspect, this paper provides added masses data for a number of new airship configurations that are collected and computed herein; this data can be useful for developing flight simulators and dynamic models, for studying the behavior of airships, and for advancing their control systems strategies. Data about scientific balloons are also presented: in this case the shape of the envelope changes, during the climb to the design altitude. These balloons are usually partially inflated on the ground [6] , while during climbing, the inside gas can expand, without significantly increasing the pressure acting on the envelope. While on the ground, the lifting gas fills only the upper part of the balloon; hence, the balloon does not assume the typical spherical shape, but a more streamlined one. If good precision is required in the study of the balloon's ascent phase, the added masses contributions of the balloon actual shape (which depends on the internal pressure of the lifting gas and altitude) should be carefully evaluated.
The added masses concept is related to the fact that an accelerated body affects the fluid field in which it is immersed, and consequently increases the kinetic energy in the fluid. The term "added masses" is usually defined as the inertia of the mass of fluid displaced by the body. The added masses term should always be included in the motion equation; but when the mass of the fluid displaced is smaller than the mass of the vehicle itself (this is usually the case for aircraft), the term is often neglected. For instance, Ref. [2] computes the ratio between the air mass displaced by a Boeing 747 and its mass equal to 0.01, while this value jumps to 770 for an air bubble moving into water. Added masses provide critical effects in the motion equations of vehicles like airships, balloons, submarine vehicles, and ships, and should be considered by their designers. According to the work by Ref. [7] , the concept of added mass was introduced by Dubua in 1776, following the experiment study of the small oscillations of a spherical pendulum proposed by Ref. [8] ; afterwards, Green in 1833 and Stokes in 1843 [9] focused their attention on the sphere, computing an exact mathematical expression of the added masses. At the beginning of the past century, several studies were carried out to compute added masses for bodies with two or three planes of symmetry: in particular the interest focused on airships whose shape was axial-symmetric. One of the seminal works related to added masses was published by Lamb in 1918 [10] ; it presents added masses coefficients for ellipsoid-based shapes, and it is still used for the computation of added masses for traditional shaped airships. Munk [11] in 1924 presented a similar study to compute the added masses coefficient, later used by airship designers to take this effect into account. In succession, Implay [12] in 1961 considered the problem of added masses, with the study of the expression for added mass of a rigid body moving in an ideal fluid. With the introduction of computers and algorithms, the panel method developed in aerodynamics was applied to compute the added mass coefficients matrix; in this way, the solution of potential equations on complex geometries was possible, by exploiting the computing capabilities of machines. These methodologies, originated in the early 1960's, are still attractive, because the governing equations need to be solved at the boundary [7] , and the current computing capabilities are adequate, and continually improving. An implementation of the panel method by the authors (discussed in the later section), allows arbitrary shapes to be considered. Furthermore, the method provides advantages over a volume mesh typical of Finite Difference, Finite Volume, or Finite Element methods, assuring the efficient solution of a lower dimensional system of equations. Birkhoff [8] generalized the added mass computation mathematical framework to an arbitrary body moving in different (laminar and turbulent) flow regimes. However, explicit closed-loop formulae for computing added masses are only available for simple bodies. The Laplace equation with boundary conditions given on the surface of the body and at infinity should be solved, to compute the added masses. The most widespread solution methods are based on the separation of variables, and the singularity method developed and introduced by Refs. [13] , [14] , and [15] . Following Ref. [16] , an explicit solution is now available, albeit only for the oblate spheroid, elongated ellipsoid of revolution, sphere, disc, and elliptic plates. In marine applications, the problem of added masses is addressed for slender bodies like ships, in which one dimension is usually greater than the other two (e.g. a cylinder); in this case, as discussed by Ref. [9] , the added mass coefficient matrix could be computed with the plane section method in orthogonal directions, with respect to the axis along the largest dimension. The same author proposes exploiting the method of an equivalent ellipsoid in complex cases, computing the approximated added mass coefficients, considering a body with the same volume of a three axial ellipsoid. A similar concept was presented in Ref. [2] , but the estimation is inaccurate for the complex and irregular shapes typical of modern unconventional airships, although it can be considered a way to provide preliminary added masses estimates. Another approach to added masses computation is by performing experimental tests; this has been applied, for instance, to swimmers [17] . Other authors like Refs. [18] and [19] developed frameworks to compute added masses for airships whose shape can be approximated with mathematical expressions. However, due to the recent interest in unconventional airship configurations, and the huge number of developed unconventional configurations, their designers should be provided with better estimates of added masses, thus enabling precise simulations of airship dynamics, which is quite important in the case of complex shapes. This paper presents a methodology to compute the full matrix of added masses for bodies of arbitrary shape, exploiting a method based on the Boundary Element Method; it presents also some examples of unconventional airship shapes, and provides data about their added masses contributions. Moreover, the proposed method allows finding the best trade-off between computational time and results accuracy, by defining the mesh size. The rest of the paper is organized as follows: the next section provides the mathematical framework lying behind the computation of added masses and their modern implementation on computers. The third section presents considerations about method validation and benchmarks with literature, the influence of the mesh definition on the obtained results, and the needs for meshing the external geometry of bodies, along with the definition and computation of the dimensionless coefficients. The fourth section provides added masses tables for 20 airship and balloon shapes. The paper concludes with pertinent remarks. 
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The moment about the z axis generated by acceleration in the y direction, and the moment about the axis generated by acceleration in the z direction, can be represented by the remaining off-diagona terms. In other words, since the body is not symmetric about the z = 0 plane, pitching moments in th xy or xz planes will be caused by linear acceleration in either the y or z direction. In the case of thre axes of symmetry, the matrix becomes purely diagonal, since there are no secondary induce accelerations.
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Following the approach introduced in [21] , the added mass coefficients for a body moving in a fluid are expressed in dimensionless form, where the length of the vehicle appears with different power. Specifically, the following rules are adopted: 
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and substituting Eq. (8) in Eq. (9) one obtains the Laplace's equation, which is valid for inviscid, incompressible, and irrotational flow.
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3. Inviscid lifting flows invoke the Kutta condition to enforce pressure continuity, in order to ensure that the flow at the trailing edge leaves smoothly. Wake sheet potential must equal the potential jump of the upper and lower part of the trailing edge, so as to keep pressure continuity [22] . Since non-lifting flow is considered here, there was no need to apply the Kutta condition, which for the sake of completeness is reported as � � � � � � � � .
The condition (11) has to be examined in more detail. Assuming u �� � �u �� , u �� , u �� � to be the velocity of a point 0 of the body, and ω ����ω � , ω � , ω � � as the angular velocity of the body with respect to the point 0, the velocity of an arbitrary point of the body, including any point on its surface S, is straightforwardly determined by the relation:
where, r � is the vector that indicates the position of the point.
where, r is the distance from the origin to the fluid point. 3. Inviscid lifting flows invoke the Kutta condition to enforce pressure continuity, in order to ensure that the flow at the trailing edge leaves smoothly. Wake sheet potential must equal the potential jump of the upper and lower part of the trailing edge, so as to keep pressure continuity [22] , see Fig. 2 . Since non-lifting flow is considered here, there was no need to apply the Kutta condition, which for the sake of completeness is reported as
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The final step to consider is the boundary integral equation evaluation. Consider a closed region V with boundary S and the unit vector 
Numerical Implementation
The discretization of Eq. (31) leads to a linear system of algebraic equations for the unknown � a normal to S, as depicted in Fig. 3 . Boundary S of the flow region includes the surface of the body S B , the surface of the wake SW, and the outer control surface S ∞ . The latter includes the surface of the body and the trailing vortex surface.
Using Green's theorem, the perturbation velocity potential at each point of the field can be expressed as an integral equation corresponding to the distribution of the source and the dipole. Therefore, for the field point P in the region V, this is [23] : ) where, G is the Green's function, which might be expressed in the form G=1/r, and r is the distan between the point field P and point source Q. The boundary conditions to be applied are reported in t previous section. The right-hand side of Eq. (31) has three terms. The first two are the dipole and t source of the body, while the third is the dipole of the vortex wake surface (defined only for lifti bodies).
The discretization of Eq. (31) leads to a linear system of algebraic equations for the unknown � as: where, G is the Green's function, which might be expressed in the form G=1/r, and r is the distance between the point 
The discretization of Eq. (31) leads to a linear system of algebraic equations for the unknown
Stationary condition at infinity:
as:
The final step to consider is the boundary integral equation evaluation. Consider a closed region V with boundary S and the unit vector n � normal to S, as depicted in Fig. 2 . Boundary S of the flow region includes the surface of the body SB, the surface of the wake SW, and the outer control surface S � . The latter includes the surface of the body and the trailing vortex surface.
Using Green's theorem, the perturbation velocity potential at each point of the field can be expressed as an integral equation corresponding to the distribution of the source and the dipole. Therefore, for the field point P in the region V, this is [23] :
where, G is the Green's function, which might be expressed in the form G=1/r, and r is the distance between the point field P and point source Q. The boundary conditions to be applied are reported in the previous section. The right-hand side of Eq. (31) has three terms. The first two are the dipole and the source of the body, while the third is the dipole of the vortex wake surface (defined only for lifting bodies).
Numerical Implementation
The discretization of Eq. (31) leads to a linear system of algebraic equations for the unknown � as: 
Kronecker delta function. Obviously, to obtain the unit flow potential in each of the ns, the solution procedure has to be repeated for all the six boundary conditions, being:
n of the added masses matrix can be performed when the potential ��� � has been oundary condition k, and for every element. Equation (28) the Kronecker delta function. Obviously, to obtain the unit flow potential in each of the ditions, the solution procedure has to be repeated for all the six boundary conditions, being:
tation of the added masses matrix can be performed when the potential ��� � has been ery boundary condition k, and for every element. Equation (28) 
where, δ ij is the Kronecker delta function. Obviously, to obtain the unit flow potential in each of the six flow conditions, the solution procedure has to be repeated for all the six boundary conditions, being: 
the Kronecker delta function. Obviously, to obtain the unit flow potential in each of the ditions, the solution procedure has to be repeated for all the six boundary conditions, being:
The computation of the added masses matrix can be performed when the potential { The definition of a scalar potential field is fundamental to the computation of added masses. The assumption is that a body moving with a constant acceleration in an incompressible potential flow can be represented by a scalar potential field �. The fluid velocity at point r � with respect to the origin can be expressed as:
where, n � is the external normal direction to surface S, while u is the projection of velocity of a } k has been found for every boundary condition k, and for every element. Equation (28) leads to the following AM matrix:
The apices in Eq. (37) refer to the condition k, as reported in Eq. (36).
Method validation
Method validation and influence of the mesh definition
This section describes some validation tests carried out to verify the methodology herein described and implemented. The added spheroid (Table 1 ) masses coefficients of a sphere and of an elongated spheroid have been computed, and the results obtained have been checked against results from the literature, specifically from Refs. [24] and [10] . Following these studies, it is possible to compute analytically the added masses of an ellipsoid having two equal semi-axes (b=c):
The computation of the added masses matrix can be performed when the potential ��� � has been found for every boundary condition k, and for every element. Equation (28) leads to the following AM matrix:
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This section describes some validation tests carried out to verify the methodology herein described and implemented. The added masses coefficients of a sphere and of an elongated spheroid have been computed, and the results obtained have been checked against results from the literature, specifically from Refs. [24] and [10] . Following these studies, it is possible to compute analytically the added masses of an ellipsoid having two equal semi-axes (b=c): 
are for translational added masses, while the rotational coefficients can be computed as:
( 38) are for translational added masses, while the rotational coefficients can be computed as:
where, ρ is the density of fluid surrounding the body, a, b, and c are the semi-axes of the ellipsoid, and 
The analytical computation of all the λ coefficients for a sphere has been carried out by Ref. [10] .
According to Lamb's work, which is a reference for airship of traditional configuration, an elongated spheroid of axes a , a , c, having a < c and moving in c direction, presents the coefficient of inertia:
and where, e is the eccentricity of the longitudinal section:
For the elongated spheroid moving along a direction, the coefficient:
The rotational added mass of inertia of a spheroid rotating about one of the minor axes is:
where, �� �� � have the same meaning as reported before. Obviously, λ �� is negligible, since the ellipsoid, rotating about the axis coincident to the c axis, doesn't displace fluid. As a result, in this case, the surrounding fluid doesn't add any inertia to the angular acceleration of the body.
The λ �� coefficients currently described are dimensional. Their non-dimensional counterparts for the translational AM, following Lamb's approach, are: 
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The λ �� coefficients currently described are dimensional. Their non-dimensional counterparts for the translational AM, following Lamb's approach, are:
is negligible, since the ellipsoid, rotating about the axis coincident to the c axis, doesn't displace fluid. (50) Analytical AM terms obtained by means of Eqs. (37) and (38) are then compared with the data obtained by the Boundary Element Method (BEM). The shapes chosen are a sphere, and a prolate spheroid. To evaluate the dependency of the results from the mesh size, the cases have been investigated for both sphere and ellipsoid. Table 1 reports the geometrical data related to the two meshed shapes used to verify the computational code. These two models have been meshed with an increasing number of elements, in order to show the convergence of the translational and rotational AM coefficients. Tables 2 and 4 show all the dimensionless coefficients for every model, for an increasing number of elements. The exact value, computed with Lamb's formula, is reported at the top of each column. In order to allow the reader to have an idea of the error, Tables 3 and 5 report the percent error between the computed value and Lamb's value. Tables 2 and 4 show all the dimensionless coefficients for every model, for an increasing umber of elements. The exact value, computed with Lamb's formula, is reported at the top of each olumn. In order to allow the reader to have an idea of the error, Tables 3 and 5 report the percent error etween the computed value and Lamb's value. Table 5 . Error between the expected elongated spheroid AM coefficients, and the AM coefficients computed using the proposed approach As a result, in this case, the surrounding fluid doesn't add any inertia to the angular acceleration of the body. The
The λ �� coefficients currently described are dimensional. Their non-dimensional counterparts for the translational AM, following Lamb's approach, are: coefficients currently described are dimensional. Their non-dimensional counterparts for the translational AM, following Lamb's approach, are:
. It is worth noting that the added masses in the particular cases described (sphere roid) have been converted to a dimensionless form, by dividing the dimensional ass of fluid displaced. The dimensionless form for the rotational AM terms [9] (47)
where ii= 11, 22, 33. It is worth noting that the added masses in the particular cases described (sphere and elongated spheroid) have been converted to a dimensionless form, by dividing the dimensional coefficients by the mass of fluid displaced. The dimensionless form for the rotational AM terms [9] are:
. It is worth noting that the added masses in the particular cases described (sphere roid) have been converted to a dimensionless form, by dividing the dimensional ass of fluid displaced. The dimensionless form for the rotational AM terms [9] are: 
. It is worth noting that the added masses in the particular cases described (sphere roid) have been converted to a dimensionless form, by dividing the dimensional ass of fluid displaced. The dimensionless form for the rotational AM terms [9] are: and elongated spheroid) have been converted to a dimensionless form, by dividing the dimensional coefficients by the mass of fluid displaced. The dimensionless form for the rotational AM terms [9] are: Tables 2 and 4 show all the dimensionless coefficients for every model, for an increasing number of elements. The exact value, computed with Lamb's formula, is reported at the top of each column. In order to allow the reader to have an idea of the error, Tables 3 and 5 report the percent error between the computed value and Lamb's value. (50)
Analytical AM terms obtained by means of Eqs. (37) and (38) are then compared with the data obtained by the Boundary Element Method (BEM). The shapes chosen are a sphere, and a prolate spheroid. To evaluate the dependency of the results from the mesh size, the cases have been investigated for both sphere and ellipsoid. Table 1 reports the geometrical data related to the two meshed shapes used to verify the computational code. These two models have been meshed with an increasing number of elements, in order to show the convergence of the translational and rotational AM coefficients. Tables 2 and 4 show all the dimensionless coefficients for every model, for an increasing number of elements. The exact value, computed with Lamb's formula, is reported at the top of each column. In order to allow the reader to have an idea of the error, Tables 3 and 5 report the percent error between the computed value and Lamb's Tables 3 and 5 show that an increasing number of elements leads to a reduction of the error on the translational AM coefficients. Figures 4 and 6 show the same trend, and all the rotational coefficients approach zero, and could be considered negligible, even for a small number of elements. The precision of the method has been also assessed in the computation of the λ11 coefficient (along the x axis) for a plate 1m x 1m, with a thickness of 0.1 m. The value computed by the formula included in Ref. [9: 114] is 0.402, as the following Figure 7 shows, together with the results found for different mesh sizes of the plate. Tables 3 and 5 show that an increasing number of elements leads to a reduction of the error on the translational AM coefficients. Figures 4 and 6 show the same trend, and all the rotational coefficients approach zero, and could be considered negligible, even for a small number of elements. The precision of the method has been also assessed in the computation of the λ11 coefficient (along the x axis) for a plate 1m x 1m, with a thickness of 0.1 m. The value computed by the formula included in Ref. [9: 114] is 0.402, as the following Figure 7 shows, together with the results found for different mesh sizes of the plate. 
Mesh features
The mesh of the body whose added masses are computed requires particular attention. In particular, if symmetries in the body are present, it is important that the mesh respect this symmetry; a loss in mesh symmetry can lead to errors, which can be quite large for the off-diagonal matrix elements. Tables 3 and 5 show that an increasing number of elements leads to a reduction of the error on the translational AM coefficients. Figs. 5 and 7 show the same trend, and all the rotational coefficients approach zero, and could be considered negligible, even for a small number of elements. The precision of the method has been also assessed in the computation of the igure 6: AM rotational coefficients (ellipsoid) 5 show that an increasing number of elements leads to a reduction of M coefficients. Figures 4 and 6 show the same trend, and all the ero, and could be considered negligible, even for a small number of ethod has been also assessed in the computation of the λ 11 coefficient x 1m, with a thickness of 0.1 m. The value computed by the formula , as the following Figure 7 shows, together with the results found for coefficient (along the x axis) for a plate 1m x 1m, with a thickness of 0.1 m. The value computed by the formula included in Ref. [9: 114] is 0.402, as the following Fig. 8 shows, together with the results found for different mesh sizes of the plate.
The mesh of the body whose added masses are computed requires particular attention. In particular, if symmetries in the body are present, it is important that the mesh respect this symmetry; a loss in mesh symmetry can lead to errors, which can be quite large for the off-diagonal matrix elements.
A strategy to obtain good results is to divide the CAD model along its symmetry axis (one to three); in the following, this half (or 1/4 or 1/8) of the model is meshed, and a mirror operation allows the whole model discretization to be obtained. The meshing operation (Fig. 9) is performed using the approach described for example in Refs. [25, 26] , exploiting an algorithm based on the Delaunay triangulation [27] . Tables 2-5 address the influence of the mesh density on the added masses coefficients.
Added masses for airships and balloons
Although new airship configurations have been introduced by several researchers, engineers, and industrial designers, the computation of added masses for these configurations is still a painstaking operation, since the only data available are from Lamb [10] , which can only be applied to elliptical bodies. The accurate evaluation of AM for balloons and 
Mesh features
The mesh of the body whose added masses are computed requires particular attention. In particular, if symmetries in the body are present, it is important that the mesh respect this symmetry; a loss in mesh symmetry can lead to errors, which can be quite large for the off-diagonal matrix elements. (Figure 8) is performed using the approach described for example in Refs. [25, 26] , exploiting an algorithm based on the Delaunay triangulation [27] . Tables 2-5 address the influence of the mesh density on the added masses coefficients.
Added masses for airships and balloons
Although new airship configurations have been introduced by several researchers, engineers, and industrial designers, the computation of added masses for these configurations is still a painstaking operation, since the only data available are from Lamb [10] , which can only be applied to elliptical Fig. 9 . Symmetric mesh of a body with one plane of symmetry Table 6 . AM for some unconventional airship configurations 
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http://ijass.org unconventional airships cannot be achieved through the conventional formulas used for ellipsoids, even though they could be used as useful comparison data. Tables 6 and  7 present some unconventional configurations of airships and some typical hot air balloons shapes, together with their added masses coefficients. It is worth noting that all the configurations proposed here are inspired by real concepts documented in scientific papers and websites. About the axis reference system, as explained in the first insert, the X axis is longitudinal, and points towards the nose of the configuration, the Y axis lies in the lateral direction, pointing the right side of the body, while the Z axis is vertical, oriented to the top of the shape. The origin of the reference system is centered in the centre of volume of the configurations.
Discussions
One of the configurations presented (#3) does not present any plane of symmetry; the off-the-diagonal values are quite high, if compared to the translational and rotational element lying on-the-diagonal, and the matrix is sparse, with a few elements with zero value. Configurations #1, #2, #3, #4, #5, #7, #8, #9, #12, #13, #14, and #15 present a single longitudinal plane of symmetry; in this case, the added masses matrix shows six (6) off-diagonal elements whose value are different from zero. Configurations #6, #10, #11, #16, #17, #18, #19, and #20 present two planes of symmetry; out-of-diagonal terms in the matrix show low values, and only two off-diagonal cells are different from zero. Their absolute value tends to the same result, if the object has axial symmetry property about an axis.
It is worth noticing that the terms in the matrix are dimensionless; hence, the shapes that are similar to a sphere present values of the translational terms that are more or less half the values reported by Lamb [10] . In Lamb's work, the dimensionless variables were based on the volume of the sphere, 4/3 π r 3 , while here the cube of length (2r) 3 is used, hence the ratio is about 2. When the body is axial-symmetric and streamlined, the difference in the diagonal translational terms tend to be larger, with two terms equal in value. On the other hand, complex shapes, like configurations #16, #19, and #20, present null values of rotation element around the Z axis; these bodies are perfectly axial-symmetric, so that a rotation around the Z axis does not displace fluid. The configuration #17 represent a shape similar to an hot air balloon with gores, and in this case a rotation around the Z axis moves a part of fluid, so that the correspondingly value in the added masses matrix is different from zero. Values found for spheres or oblate spheroids presenting http://ijass.org Table 7 . AM for balloon configurations altitude put reference [6] put reference [6] Int'l J. of Aeronautical & Space Sci. 15(3), 241-257 (2014) three planes of symmetry have already been presented in the section dealing with validation; in this case, the elements in the mass matrixes are all null, except the values A 11 , A 22 , A 33 , A 44 , and A 55 , as already found by Lamb. The increase in precision obtainable with the application of the coefficients presented in this paper can be evaluated by comparing the results with the equivalent ellipsoid method, which is currently suggested by the literature [2] for unconventional shapes. Due to the difference between the Lamb and the SNAME [21] methods to obtain dimensionless quantities, some corrections should be applied. Two shapes will be considered: #12, which represents a complex shape; and #14, which is close to an axial-symmetric ellipsoidal shape. First, an equivalent ellipsoid with longitudinal semi-axis a and lateral and vertical semi-axes equal to b is found for shapes #12 and #14. Considering the same volume (Vol) and length (l) of the real shape, it follows that:
A 11 , A 22 , A 33 , A 44 , and A 55 , as already found by Lamb. The increase in precision obtainable with the application of the coefficients presented in this paper can be evaluated by comparing the results with the equivalent ellipsoid method, which is currently suggested by the literature [2] for unconventional shapes. Due to the difference between the Lamb and the SNAME [21] methods to obtain dimensionless quantities, some corrections should be applied. Two shapes will be considered: #12, which represents a complex shape; and #14, which is close to an axial-symmetric ellipsoidal shape. First, an equivalent ellipsoid with longitudinal semi-axis a and lateral and vertical semi-axes equal to b is found for shapes #12 and #14. Considering the same volume (Vol) and length (l) of the real shape, it follows that:
An a/b ratio can be so found for configurations #12 and #14, and values of k 1 , k 2 , and k' can be found from the Table included in the paper by Lamb [10] , as Figure 9 shows.
(51)
An a/b ratio can be so found for configurations #12 and #14, and values of k 1 , k 2 , and k' can be found from the Table included in the paper by Lamb [10] , as Fig.9 shows. Table 8 summarizes the results obtained, in terms of ellipsoid fitness ratio, and coefficients.
To compare added masses coefficients obtained with the dimensionless one from Ref. [21] adopted here (Aij), the following relations should be considered: Table 8 summarizes the results obtained, in terms of ellipsoid fitness ratio, and coefficients. 
With l=2a, and calling τ=a/b, this leads to:
(50) Table 9 shows a comparison between coefficients computed with the proposed method, and by the methodology by Lamb based on the equivalent ellipsoid. The table clearly shows how applying the equivalent ellipsoid method to a traditional airship shape, like config. #14, leads to small errors; on the other hand, applying the equivalent ellipsoid method to an unconventional shape with complex shape (e.g. config. #12) can introduce significant errors. The added masses contribution is critical, when
With l=2a, and calling τ=a/b, this leads to: (53) Table 9 shows a comparison between coefficients computed with the proposed method, and by the methodology by Lamb based on the equivalent ellipsoid. The table clearly shows how applying the equivalent ellipsoid 8 summarizes the results obtained, in terms of ellipsoid fitness ratio, and coefficients. 
9 shows a comparison between coefficients computed with the proposed method, and by the dology by Lamb based on the equivalent ellipsoid. The table clearly shows how applying the alent ellipsoid method to a traditional airship shape, like config. #14, leads to small errors; on the hand, applying the equivalent ellipsoid method to an unconventional shape with complex shape config. #12) can introduce significant errors. The added masses contribution is critical, when method to a traditional airship shape, like config. #14, leads to small errors; on the other hand, applying the equivalent ellipsoid method to an unconventional shape with complex shape (e.g. config. #12) can introduce significant errors. The added masses contribution is critical, when modeling the dynamic of systems like airships, hot air balloons, and submarine vehicles; for instance, by computing the acceleration of a sphere modeling the dynamic of systems like airships, hot air balloons, and submarine vehicles; for instance, by computing the acceleration of a sphere (λ=0.5), and neglecting the added masses contribution, a 50%
error with respect to the correct value is obtained, with a consequent overestimation of the acceleration. , and neglecting the added masses contribution, a 50% error with respect to the correct value is obtained, with a consequent overestimation of the acceleration.
